Introduction {#S0001}
============

Angiogenesis is an important step in the outgrowth of a primary tumor. Dissemination, progression, and metastasis of a hematogenous tumor are known to be dependent on angiogenesis. Many potential angiogenic factors have been identified, including basic fibroblast growth factor, vascular endothelial growth factor (VEGF), and platelet-derived endothelial cell growth factor \[[@CIT0001]--[@CIT0003]\]. Of these factors, VEGF is perhaps the most prominent, and its actions on the vasculature, including the stimulation of endothelial cell growth, motility, and blood vessel permeability, have been extensively studied. The function of VEGF in other cell types is mostly unknown \[[@CIT0004]--[@CIT0010]\].

Melanoma is the most common skin cancer in both men and women, accounting for about 5% of all new cancer cases in the United States. The incidence of melanoma is rising steadily, and the number of cases worldwide has doubled in the past 20 years \[[@CIT0001]\]. Total VEGF levels have been associated with melanoma progression \[[@CIT0011]\]. However, the possible autocrine and/or paracrine mechanisms remain unknown.

In the current study, we report that overexpression of VEGF transfected with expression plasmids has a stronger effect on tumor cell proliferation, migration, and invasion in melanoma. These findings suggested that intracellular VEGF may play a more important role in promoting melanoma growth and metastasis.

Material and methods {#S0002}
====================

Cell culture {#S20003}
------------

The melanoma cell line B16 (Laboratory of Cell Biology, Tianjin Medical School, Tianjin, China) was maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 μg/ml penicillin, and 100 μg/ml streptomycin. Cell cultures were determined to be free of *Mycoplasma* contamination by routine testing.

Construction of VEGF expression plasmids {#S20004}
----------------------------------------

We selected sequences as reported by Elbashir *et al*. \[[@CIT0012]\]. We used the following procedure to design the VEGF sequences: search for sequence 5'-AA(N19) or 5'-NA(N19), where N is any nucleotide, in the intended mRNA sequence and use only those sequences that occur within an open reading frame, preferably 50 to 100 nt downstream of the start codon, and show 47% or 52% G/C content. Primers containing the sense sequence, 9 bp loop sequence, and RNA polymerase III terminator sequence were created with BamHI and HindIII restriction sites on the 5' and 3' ends, respectively. These primers were annealed and inserted into pGenesil-1 (Gene Biotechnology) downstream of the H1 RNA polymerase III promoter, following the manufacturer\'s instructions. The resultant plasmids containing sequences and negative control sequences were labeled p-VEGF (VEGF-expressing plasmids) and control, respectively.

Western blot analysis {#S20005}
---------------------

For the analysis of intracellular VEGF protein levels, untransfected and transfected melanoma B16 cells were cultured in 100 mm dishes. When the cells reached 80% confluence, cell lysates were collected, and protein concentrations were determined using the BCA Protein Assay Reagent Kit (Pierce, Rockford, IL). The protein samples (50 μg) were boiled for 3 min before being loaded onto a 7.5% SDS-polyacrylamide gel. After electrophoresis, the proteins were transferred to a PVDF membrane (Amersham, Piscataway, NJ). The membranes were probed with primary antibody followed by peroxidase-conjugated secondary antibody (1 : 2,000; Santa Cruz Biotechnology, USA) and visualized by an enhanced chemiluminescence detection system (Amersham) according to the manufacturer\'s instructions. The antibodies of VEGF (mouse monoclonal antibody, clone number: C-1, catalogue number: sc-7269, 1 : 200) and β-actin (rabbit polyclonal antibody, sc-1616, 1 : 200) were purchased from Santa Cruz Biotechnology.

MTT assay {#S20006}
---------

Cell proliferation was measured by MTT assay. Melanoma B16 cells in the negative control group, the group transfected with p-VEGF, and the group given exogenous VEGF, EGF (epidermal growth factor), and CoCl~2~ \[cobalt(II) chloride\] were seeded in 24-well plates at a density of 1 × 10^4^ cells/well. The EGF and CoCl~2~ treated groups were used for the reference and comparison of the effects of the exogenous VEGF and p-VEGF groups as both EGF and hypoxia (which can be mimicked by CoCl~2~ *in vitro*) were reported to promote the development and progression of melanoma \[[@CIT0013], [@CIT0014]\]. After 12, 24, 36, 48, and 60 h of incubation, 200 μl of 5 mg/l solution of MTT (Sigma, Guangzhou, China) in PBS was added to each well. The plates were then incubated for 4 h at 37°C. The precipitate was then solubilized in 100% dimethylsulfoxide (Sigma), 100 μl/well, and shaken for 15 min. Absorbance of each well was measured on a microplate reader at a wavelength of 492 nm. All experiments were done in quadruplicate.

Wound healing assay {#S20007}
-------------------

Wound healing assays were performed with 12-well plates. Cell motility was assessed by measuring the movement of cells into a scarped, acellular area created by a 200 μl pipette tube (time 0); the speed of wound closure was monitored at various time points. The ratio of the distance to 0 h of the wound was measured. Each experiment was repeated in triplicate, and the mean values (mean ± SE) were presented.

Gelatin zymography {#S20008}
------------------

Gelatin zymography was used to examine the levels of MMP-2 and MMP-9 activity. Serum-free conditioned media were used as a control. All media were collected and subjected to SDS-PAGE using 0.01% w/v gelatin with 10% polyacrylamide gel. After electrophoresis, the gels were equilibrated in 50 mM Tris-HCl (pH 7.5) with 2.5% Triton X-100 for 30 min at room temperature. Subsequently, they were incubated in 50 mM Tris-HCl (pH 7.5), 10 mM CaCl~2~, 150 mM NaCl, 1 mM ZnCl~2~, and 0.02% NaN~3~ for 20 h at 37°C. These were stained with Coomassie R250 and destained until the wash became clear, with apparent cleared zones associated with MMP activity. The zymogram was digitized, and the amount of clearing associated with MMP-2 and MMP-9 activity was determined using the Gene Genius Super system. The values were calculated by densitometry.

Statistical analysis {#S20009}
--------------------

All data in the study were evaluated with SPSS 13.0 (SPSS, Chicago, IL). All results were expressed as means ± SD. Differences were considered significant at *p* \< 0.05. The significant group was marked with an asterisk in the figures.

Results {#S0010}
=======

Effects of p-VEGF on the expression of VEGF {#S20011}
-------------------------------------------

p-VEGF and a negative control plasmid were constructed using the vector. After the *p*-VEGFs are successfully transfected into B16 cells, the VEGF protein levels can be detected. As shown in [Fig. 1](#F0001){ref-type="fig"}, *p*-VEGFs significantly promoted VEGF expression in the cell lines as measured. Subsequent experiments focused on the *p*-VEGF that was most effective in promoting VEGF expression ([Fig. 1](#F0001){ref-type="fig"}).

![Expression of VEGF in cells transfected with *p*-VEGF and given exogenous VEGF. Western blot analysis was used to measure the amount of VEGF in cells transfected with negative control plasmid (C), p-VEGF (P), and cells given exogenous VEGF (V) after treatment for 48 h and 72 h.](WO-16-19957-g001){#F0001}

Effects of p-VEGF on tumor cell proliferation {#S20012}
---------------------------------------------

The biological effects of the *p*-VEGFs were first determined using cell proliferation assays. As shown in [Fig. 2A](#F0002){ref-type="fig"}, the proliferation of cells transfected with *p*-VEGF was significantly promoted at day 2 (*p* \< 0.01, compared with the controls), whereas negative control melanoma B16 cells showed little difference with the cells given exogenous VEGF, EGF, and CoCl~2~ over the entire experimental period (*p* \> 0.05). VEGF was also found to have an effect on cell culture ([Fig. 2B](#F0002){ref-type="fig"}).

![A) Effects of *p*-VEGF on tumor cell proliferation as measured by MTT assay (*p* \< 0.01). B) VEGF transfection was used to construct plasmids expressing VEGF. The melanoma B16 cells, the cells transfected with *p*-VEGF, and the cells given exogenous VEGF, EGF, and CoCl2 can be easily identified by microscopy](WO-16-19957-g002){#F0002}

Effects of p-VEGF on tumor cell migration {#S0013}
=========================================

As shown in [Fig. 3](#F0003){ref-type="fig"}, the migration distance of the melanoma B16 cells, the cells transfected with p-VEGF, and the cells given exogenous VEGF, EGF, and CoCl~2~ was 0.33, 0.15, 0.3, 0.22, and 0.27 mm, respectively. These results suggested that the migration of *p*-VEGF was significantly promoted (*p* \< 0.01), whereas others showed little difference (*p* \> 0.05).

![Effects of *p*-VEGF on tumor cell migration (*p* \< 0.01). [Figure 3A](#F0003){ref-type="fig"} shows representative images of the wound region of B16 melanoma cells in different treatment groups 0 h and 24 h after wounding. Original magnification, ×40. [Figure 3B](#F0003){ref-type="fig"} (*on the next page*) shows the migration distance ratio to 0 h in different groups; the cells transfected with *p*-VEGF migrated more rapidly than the other groups (*p* \< 0.01)](WO-16-19957-g003){#F0003}

Effects of *p*-VEGF on tumor cell invasion {#S20014}
------------------------------------------

An important function of MMP-2 in tumor invasion is its capability to degrade the extracellular matrix and basement membranes. The promotion of MMP-2 activity in B16 cells by the potent MMP-2-specific promoter VEGF significantly induced the invasiveness of the cells ([Fig. 4](#F0004){ref-type="fig"}). The results of gelatin zymography suggested that altered VEGF activity directly affected the invasiveness of melanoma cells.

![Role of VEGF in B16 cells by gelatin zymography and MMP-2 activity assays were determined as described in 42 h. More activities can be detected in B16 melanoma cells after transfection with *p*-VEGF](WO-16-19957-g004){#F0004}

Discussion {#S0015}
==========

VEGF-A is one of the most important angiogenic factors. Its role in angiogenesis and tumor development, growth, and metastasis has been well documented. When secreted by tumor cells, it stimulates proliferation of endothelial cells in a paracrine manner \[[@CIT0015]\]. Although endothelial cells are the primary targets of VEGF, several studies have also reported its mitogenic effects on certain nonendothelial cells such as retinal pigment epithelial cells \[[@CIT0016]\], pancreatic duct cells \[[@CIT0017]\], and Schwann cells \[[@CIT0018]\], as well as on cancer cells, including breast cancer \[[@CIT0019]\], prostate cancer \[[@CIT0020]\], and gastric adenocarcinoma \[[@CIT0021]\]. These findings have led us to hypothesize that an autocrine loop exists, whereby VEGF stimulates tumor growth not only by interacting with endothelial cells but also by binding directly to the VEGF receptor (VEGFR) on tumor cells.

The present study demonstrated that plasmids cloned and transfected into tumor cells successfully promoted the expression and secretion of VEGF in melanoma B16 cells, leading to potent promotion of tumor cell proliferation, migration, and invasion *in vitro*. These findings not only demonstrated that VEGF played a critical role in melanoma cell proliferation, migration, and invasion but also suggested that a VEGF-mediated autocrine loop was a significant factor affecting tumor growth and metastasis.

Recent reports by Detwiller *et al*. \[[@CIT0004]\] and Guan *et al*. \[[@CIT0005]\] demonstrated that siRNA-targeting VEGF decreased sarcoma growth *in vivo* but had no effect on cellular proliferation *in vitro*. In the present study, we found that the VEGF plasmids cloned and transfected promoted not only the proliferation of B16 cells but also their capability to migrate and invade. The effects on proliferation, migration, and invasion appeared to be a direct effect of the increased production of VEGF by these cells. Our findings and those of previous studies \[[@CIT0022], [@CIT0023]\] support the idea that there may be a VEGF-directed autocrine loop directly affecting colon cancer cell growth and function. Studies have suggested that the mechanisms of VEGF/VEGFR interaction may involve the cyclooxygenase-2 inhibitor, but the specific mechanisms of VEGF/VEGFR interaction in both endothelial and tumor cells remain unclear. More studies are needed to delineate the signaling pathways mediated by VEGFRs.

In considering increased production of VEGF as a therapeutic tool, the methods of delivery must be considered because the efficacy and mode of delivery of siRNA vary considerably \[[@CIT0024]\]. Chemically or enzymatically synthesized siRNA is costly and has been shown to have a relatively short half-life, with only transient inhibition of target genes \[[@CIT0025]\]. These and other problems have been addressed by changes in the delivery of RNAi. For example, repeated administration of siRNA can compensate for the reagent\'s short half-life. In addition, the use of ligand-directed nanoparticles has shown promise in addressing other RNAi issues such as cellular uptake, nonspecific immune stimulation, and limited stability \[[@CIT0026]\]. The present study corroborates other studies \[[@CIT0027], [@CIT0028]\] that highlight another technique: the use of plasmid and viral vectors to produce siRNA using the polymerase III promoter. This approach may facilitate more efficient siRNA delivery and can theoretically induce stable gene silencing.

Even with a nearly promoting expression of VEGF protein secretion *in vitro*, B16 cells with *p*-VEGF were still not used in mice. Further, there may be several additional mechanisms involved in angiogenesis which are stimulated in VEGF-promoted/silenced tumors. For instance, tumors may induce surrounding stromal cells to secrete VEGF. Tumors derived from VEGF-null embryonic stem cells show that VEGF-A from tumor stroma can support tumor vascularization. VEGF-A is generated as multiple isoforms of two families, the pro-angiogenic family and the anti-angiogenic family. VEGF-165 and VEGF-165b respectively were the most studied isoforms. Inhibition of VEGF-165 has been seen as a new anticancer therapy by targeting microvasculature \[[@CIT0029], [@CIT0030]\].

Perhaps RNAi targeting multiple angiogenic factors can completely abrogate new blood vessel formation and tumor growth.

In summary, the present study demonstrated that the vector-mediated transfection of VEGF successfully promoted the expression of VEGF in *in vitro* models of melanoma, leading to several enhanced tumor activities such as promoting effects on cell proliferation, migration, and invasion. These findings suggest that the anti-VEGF approach can be an effective therapeutic strategy for melanoma. Therefore, the present study provides a basis for this approach in additional animal models and in human clinical trials.
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